Abstract: Manganese phthaloyanine polymer thick films were fabricated using screenprinting techniques. The optical parameters were obtained from the analysis of the absorption spectra over a wavelength range of 385-900nm. The d.c. electrical measurements were carried out in a range of 0-30 volts. The effects of γ-radiation on the optical and the electrical properties were investigated for dosimetry applications. The optical energy band gaps of these films showed a decrease in their values with the increase in the radiation dose. The electronic transition has changed from direct allowed for the as-printed films (unexposed to γ-rays) to indirect allowed for the irradiated samples. Both the as-printed and irradiated Ag/MnPc/Ag devices demonstrated a Schottky conduction mechanism. Both the absorbance and the capacitance of the MnPc thick films displayed a highly consistent linear response to γ-ray exposure.
Introduction
Metal-substituted and metal-free phthalocyanine polymers have recently attracted considerable interest due to their high thermal and chemical stability [1] [2] [3] [4] [5] [6] [7] [8] [9] . The most attractive property of the phthalocyanines is their similarity in structure to the two most important biological molecules; chlorophyll and haemoglobin [10] . Phthalocyanines have been widely used as gas sensors, optical logic displays, solar cells and colour filters [12, 13] . The aim of this paper is to report the changes in both the optical and electrical properties of screen-printed MnPc thick films under the influence of γ-irradiation and the suitability of these devices for dosimetry applications.
It is well-known that the exposure of solid materials to γ-rays induces structural defects known as colour centres. The presence of such colour centres in a thick film matrix gives rise to changes in both the optical and electrical properties of the material, which can be utilised to assess the radiation dose absorbed [14] [15] [16] [17] [18] [19] .
Results and Discussion

Effects of γ-Rays on the Abosrption Bands in the UV-Visible region
Several absorbance spectra for MnPc thick films exposed to various irradiation doses are illustrated in Figure 1 . The lower spectrum is that of the as-printed sample and the upper six spectra are for those exposed to different doses of γ-rays. It was observed that the increase in γ-radiation dose caused an increase in the optical density and also a shift in the spectrum towards higher wavelengths. For instance, when the as-printed MnPc thick films were exposed to a dose of 25 kGy, the following changes were observed:
1) The centre of the B-band shifted from 385 nm to 396 nm while the absorbance is increased from 2.45 to 3.29.
2) The Q-band also displayed a similar shift from 756 nm to 786 nm with an increase in absorbance from 1.06 to 1.60. Further exposure to γ-rays resulted in an even higher absorbance and a greater shift in the UV/Visible spectrum up to a dose of 28 kGy, at which saturation point was reached.
The absorbance of both the B and Q bands increased linearly when exposed to γ-ray doses in the range between 7 kGy -25 kGy in steps of 3.6 kGy ( Figure 2 ). In Figure 3 , the only satisfactory straight line fit for (αhν) 2 as a function of hν is displayed by curve (1). This indicates that the direct allowed transition is the predominant transition for the as-printed MnPc thick films. A similar result has been reported for thin film structures by Rajeh and Menon [4] . However, the indirect electronic transition has been established for the irradiated samples as shown by curve (4) of Figure 4 . The change in type of the electronic transitions may be attributed to the increase in the density of traps caused by the exposure to γ-rays, which in turn, increased the disorder. Such increase in structural disorder is indicated by the increase in the width of the tail of the localised states (E e ) from 0.50 eV for the as-printed thick film to 0. 
Effects of γ-rays on the Optical Transitions
Effects of γ-rays on the Absorption Edge
The energy values of the optical band gap for MnPc thick films were calculated by assuming the direct allowed transition for the as-printed thick films (m = ½) and indirect allowed transition for the irradiated samples (m=2). Therefore, equation (1) was modified to the forms below:
The energy value of the absorption edge for the as-printed MnPc thick films was ~ 2.59 eV, which is much lower than the values of 3.14-3.25 eV reported for thin films by Rjesh and Menon [4] . The large difference in energy was attributed to the effect of film thickness on the optical band gap by Ismail etal [21] , when investigating various compositions of SiO/Nb 2 O 5 and Nb 2 O 5 . They observed that the energy of the optical band gap decreased as the film thickness was increased. Figure 5 shows plots of (αhν) 2 versus hν for as-printed and irradiated films. It is evident from the curves that the values of the optical band gap has decreased from 2.59 eV for as-printed MnPc to 2.49 eV for films exposed to γ-ray dose of 25.2 kGy. This was attributed to the increase in the disorder caused by the presence of structural defects, which is known to increase the width of the localised states, thus reduce the value of the optical gap [3, 20, 21] . 
Effects of γ-Rays on the Conduction Mechanism of MnPc Thick Films
The current-voltage (I-V) characteristics are shown in Figure 6 for MnPc thick film exposed to γ-ray doses ranging from 7 to 25 kGy. There is only one distinct region throughout a voltage range of 0-30 volts for each characteristic curve: at both low and high voltages the slope of I versus V plot was much less than unity indicating the absence of the power-law dependence and the presence of the electrode to bulk-limited effect in the Ag/MnPc contact. Further analysis is provided by Figure 7 , where plots of log(I) versus V 1/2 characteristics are displayed. There are two distinct regions for each curve: at voltages lower than 1 volt the current is thickness-independent and rises sharply displaying the electrode-limited region. However, at voltages higher than 1 volt the electron transport is bulk-limited and the effect of MnPc thickness is manifested by the insignificant increase in the current. The bulk-limited conduction mechanism is governed by the following equation:
where, I c : the circulating current, E: the applied electric field, k: Bolzmann's constant, T: the absolute temperature (K), β: the high field-lowering coefficient.
It is also experimentally possible to distinguish between both types of the bulk-limited conduction mechanism: Poole-Frenkel and Richardson-Schottky conductions using the relative permittivity values. The permittivity values listed in Table I for the MnPc films, were obtained from both direct measurement using an impedance analyser (HP 4277A LCZ-meter) and estimated by using the highfield lowering coefficients (β) as follows: The relative permittivity values listed in Table I , namely, columns (1) and (3) are within the range of (2.4-5.1) as reported by several workers for phthalocyanine thin film materials [13, [22] [23] [24] [25] . Both columns are highly consistent indicating the predominance of Schottky conduction mechanism for the Ag/MnPc interface. 
Effect of γ-Rays on the Capacitance of MnPc Thick Films
The effects of γ-radiation on the capacitance (C) of Ag/MnPc/Ag devices under different voltages is presented in Figure 8 . The samples showed no significant changes when they were exposed to γ-ray dose below 7.2 kGy. However, when the dose was increased, the capacitances of the MnPc samples were decreased. Further exposure to γ-radiation led to a continuous decrease in capacitance values until reaching saturation dose beyond 25.2 kGy. In Figure 9 , linear relationships between the ∆C/C o and γ-ray dose (D) are shown for different working voltages where
. In addition, continuous linear changes in the capacitance of the Ag/MnPc/Ag were recorded for γ-ray dose exposure ranging within 7.2-25 kGy suggesting the suitability of using screen-printed MnPc thick films for high dose dosimeters. 
Experimental
Capacitive devices were fabricated using polymer thick-film technology. The dielectric layer consisted of a polymer paste, which was made from 90% MnPc and 10% Polyvinyl Butyral (PVB) by weight, with Butyl Carbitol (Diethylenglycol-monobutylether) being the main solvent. Conductive DuPont 4929 silver was used as contacts on both sides of the dielectric layers of MnPc thick film. All layers were printed using a DEK 1202 automatic screen printer with a 325-mesh stainless steel screen at an angle of 45° to the frame. Thicker films having a thickness of 60 µm were fabricated for the Ag/NiPc/Ag devices by successively printing layers of MnPc paste on top of each other. Each printed layer was dried in a curing oven. This thickness was verified by following a standard procedure using an optical microscope [27] .
Several Ag/MnPc/Ag devices were fabricated in an MIM (Metal-Insulator-Metal) structure with an active area of 1.0 cm x 1.0 cm. Simple ohmic circuit was constructed for measurements of I-V characteristics. An impedance analyser (HP 4277A LCZ-meter) was used to measure the capacitance of both as-deposited and irradiated devices under an excitation frequency of 500 Hz.
In the case of optical measurements a thickness of 15µm was sufficient. The UV/Visible spectra were recorded for the as-printed and irradiated samples at room temperature using a Varian DMS-100S UV-visible spectrometer. The samples were independently exposed to doses of γ-radiation (7.2-25.2 kGy) from a 137 Cs source at a dose rate of 6.0 Gy/min.
Conclusion
The optical and electrical properties of screen-printed Manganese-Phthalocyanine thick films were investigated before and after exposure to γ-radiation, to explore the possibility of their use in dosimetry applications. A satisfactory straight line fit was shown by (αhν) 2 as a function of hν for the as-printed
MnPc thick films, which indicated the predominance of a direct allowed transition within the band gap. The (αhν) 1/2 versus hν revealed the best straight line for the irradiated samples indicating the predominance of the indirect allowed transition. In addition, continuous linear changes in both the optical absorbance and the capacitance of the Ag/MnPc/Ag were recorded for γ-ray dose exposure ranging within 7.2-25 kGy suggesting the suitability of sreen-printed MnPc thick films for dosimetry applications.
